Study Objectives: We objectively measured body composition, energy expenditure, caloric intake, and sleep in a large, diverse sample of healthy men and women and determined how energy balance and diet associated with sleep physiology. Methods: Healthy adults (n = 50; 21-50 years) participated in an in-laboratory study involving two baseline sleep nights (BL1-2, 10 hours time-in-bed/night, 2200-0800 hours). Polysomnography was recorded on BL2. Demographic information, body composition, and energy expenditure measurements were collected at study admittance and on BL1. Daily food/drink intake was recorded both before (on BL1) and after (on BL2) the sleep measurement. Partial Pearson's correlations assessed the relationship between energy balance and sleep physiology variables. 
INTRODUCTION
Population studies consistently find that short sleep duration (habitual sleep ≤ 6 h/night) is a significant risk factor for weight gain and obesity. [1] [2] [3] [4] Laboratory studies demonstrate that sleep restriction leads to weight gain, 5, 6 increased caloric intake, [5] [6] [7] [8] [9] [10] delayed meal timing, [5] [6] [7] and energy expenditure alterations. [11] [12] [13] [14] [15] [16] [17] Although sleep duration affects energy balance, few studies have systematically examined the association between objective sleep characteristics (eg, sleep stage duration, sleep onset latency, and sleep efficiency) and objective energy balance measures. Sleep is comprised of rapid eye movement (REM) sleep and non-REM sleep, with the latter comprised of stage 1, stage 2, and slow-wave sleep (SWS). REM sleep and SWS durations are highly variable between individuals but consistent within individuals across nights. 18, 19 Both SWS and REM sleep have been associated with energy balance measures in healthy children, adolescents, and adults. SWS duration has been negatively correlated with body mass index (BMI), waist circumference, ghrelin levels, intake during an ad libitum meal, saturated fat intake, and hunger ratings [20] [21] [22] and has been positively related with fiber intake, lean body mass, and growth hormone release. [23] [24] [25] [26] REM sleep duration has been correlated with increased hunger ratings, higher BMI, and positive energy balance due to overeating 22, 27, 28 ; however, other studies have shown that REM sleep duration is inversely correlated with waist circumference, BMI, and cardiovascular risk factors. 20 , 21 In addition, a sleep fragmentation experiment showed that reduced REM sleep correlated with increased desire-to-eat ratings and decreased fullness ratings. 29 Few studies have examined the relationship between objective measures of energy expenditure and sleep stages in healthy adults. When measuring energy expenditure during sleep, one study of 12 men found that metabolic rate and carbohydrate oxidation were higher during REM than during non-REM 29 whereas two other studies (n = 7-13, men and women) found no differences in metabolic rate between sleep stages. 30, 31 To our knowledge, only one study (n = 27, men and women) has examined the relationship between sleep stage duration and resting metabolic rate (RMR, measured during wake): Schechter and colleagues 32 found RMR and respiratory quotient (a measure of fat and carbohydrate oxidation) were not associated with the percentage of total sleep time spent in each sleep stage. More research is needed to determine if there is an association between RMR and sleep stage duration.
Although results are inconsistent, studies have shown that sleep latency, sleep efficiency, and wake after sleep onset are also related to energy balance measures in healthy individuals. Normal weight adults have exhibited higher sleep efficiency than overweight or obese individuals in some, 2, 27, [33] [34] [35] but not all 28, 36 studies. In overweight adults, dieting related to increased sleep onset latency 37 whereas in normal weight adults, controlled diet associated with decreased sleep onset latency (compared to ad libitum intake). 26 Carbohydrate intake was related to shorter sleep onset latency in one study 38 but with increased arousals during sleep in another study. 26 In a population cohort of middle-age adults, sleep fragmentation was associated with lower carbohydrate intake and lower sleep efficiency was associated with higher caloric intake. 39 We used objective measures to examine the relationships between demographic characteristics, body composition measures, and caloric intake and baseline sleep characteristics in a large, diverse sample of healthy men and women. We hypothesized that measures associated with positive energy balance (eg, higher BMI, greater body fat percentage, lower RMR, increased caloric intake) would associate with greater REM sleep and less SWS.
METHODS

Subjects
Healthy individuals, aged 21-50 years, were recruited in response to study advertisements. They reported habitual nightly sleep durations between 6.5 and 8.5 hours, habitual bedtimes between 2200 and 0000 hours, and habitual morning awakenings between 0600 and 0900 hours; these reports were confirmed objectively using actigraphy. They had no evidence of habitual napping, no sleep disturbances (ie, no complaints of insomnia, daytime sleepiness, or other sleep-wake disturbances), and did not show either extreme morningness or extreme eveningness, as assessed by questionnaire. 40 Subjects were free of acute and chronic medical and psychological conditions, as established by interviews, clinical history, questionnaires, physical examinations, and blood (including a fasting blood glucose test) and urine tests. They were nonsmokers and did not participate in shift work, transmeridian travel, or irregular sleep/wake routines in the 60 days prior to the study. Enrolled subjects were monitored at home with actigraphy, sleep-wake diaries, and time-stamped call-ins to assess bedtime and waketime during the week before and after the in-laboratory phase. They were not permitted to use caffeine, alcohol, tobacco, and medications (except oral contraceptives) in the week before the experiment, as verified by urine screenings. Sleep disorders were excluded by a night of laboratory polysomnography and oximetry measurements.
The research protocols were approved by the Institutional Review Board of the University of Pennsylvania. All subjects provided written informed consent before enrollment and were compensated for participation.
Protocol
Subjects participated in a protocol in the Sleep and Chronobiology Laboratory at the Hospital of the University of Pennsylvania and were studied for 18 consecutive days continuously with daily clinical checks of vital signs and symptoms by nurses (with an independent physician on call). The protocol involved two baseline nights (BL1-2) of 10 hours time-in-bed (TIB; 2200-0800 hours). During the in-laboratory study phase, subjects could not leave the laboratory. Subjects were ambulatory and could watch television, read, play video or board games, and perform other sedentary activities between test bouts (completed while sitting at a computer) but were not allowed to exercise. Subjects wore a wrist actigraph continuously and on certain days wore ambulatory electroencephalography (EEG) and electrocardiography (ECG) recording equipment for 24-hours intervals. The light levels were held constant at <50 lux during scheduled wakefulness and <1 lux during scheduled sleep periods. Ambient temperature was maintained between 22°C and 24°C. Subjects were behaviorally monitored by trained staff continuously to ensure adherence.
Measures
A nurse recorded each subject's height at study admittance. Body composition and metabolic measurements were collected after an overnight fast (beginning at 2200 hours) in the morning following BL1. Upon awakening, subjects were instructed to use the restroom. Each subject's body composition was assessed and then he/she remained in bed in a supine position for the remainder of the metabolic testing period. Each subject's body composition was measured using bioelectrical impedance analysis (Omron HBF-510W, 4-Limb device). Body weight, fat percentage, and FFM were collected. Metabolic rate (kcal/d) was measured using indirect calorimetry with a validated 41, 42 ventilated hood system (TrueOne 2400 Metabolic Cart, Parvo Medics, Sandy, UT). In the morning of the measurement, a flow meter calibration was conducted and before each use, the metabolic cart was calibrated with reference gas. After achieving a steady state (5 minutes), expired gases were collected for 10 minutes and used to calculate metabolic rate. 15 For more detailed information about this procedure, please see. 15 Trained technicians monitored subjects and instructed them to keep their eyes open to ensure they remained awake during the test.
Subjects selected their meals/snacks by choosing from various menu options, selecting additional food/drink available in the kitchen within the laboratory suite (which included a refrigerator, microwave, and toaster oven) and by making requests to the staff. To ensure subjects were provided sufficient time to eat each day, three eating opportunities were allotted during days with a 2200 hours bedtime (0900, 1235, and 1830 hours). In addition to these specified meal times, subjects could consume food/drink at any time other than when they were completing neurobehavioral tests or sleeping. Subjects could eat pre-ordered menu items or select from other foods available in the laboratory kitchen and could eat as much (or as little) as they wanted. Subjects retrieved their own food/ drink from the kitchen and could eat at a table in the common area or privately in their bedrooms. All food was weighed and recorded prior to being provided to subjects. To improve the measurement accuracy of each food item's weight, items were served in individual containers. Each day, a detailed description of the items and the amount consumed, and intake time were recorded by trained monitors. Additionally, any food/ drink left over after each meal was weighed and recorded. The intake data were entered into The Food Processor SQL program (ESHA Research, Salem, OR), a validated 43 professional nutrition analysis software and database program that provides components of food/drink intake including calories and macronutrients.
Polysomnography ( 44 by a trained scorer using commercial software (ProFusion PSG 3; Compumedics Limited). The EEGs and EOGs were referenced with A1 or A2 (Fz-A1, C3-A2, O2-A1, LOC-A2, and ROC-A1). A submental EMG was analyzed bipolarly. The sampling rate was 256 Hz. For sleep scoring, high-pass filters were set at 0.3 Hz for EEGs and EOGs and 10 Hz for EMG. Low-pass filters were set at 30 Hz for EEG and EOG and 100 Hz for EMG. Sleep onset latency was defined as three consecutive 30-second epochs of any sleep stage.
Statistical Analyses
Pearson's r correlations and partial correlations analyzed the relationship between demographic, body composition, intake, and BL2 PSG sleep variables. Between-subjects ANOVAs examined differences in BL2 sleep and intake between BMI, gender and race groups. Statistical analyses were conducted using IBM SPSS Statistics for Windows, Version 20.0 (Armonk, NY).
RESULTS
Baseline Sleep and Energy Balance Measurements
The sample (n = 50) used for correlations of demographic and energy balance measures with baseline sleep PSG measures consisted of 21 women (42.0%) and 29 men (58.0%), and 26 African Americans (52.0%) and 24 Caucasians (48.0%). Subjects were 21-50 years old (33.9 ± [SD] 9.1 years) and were either normal or overweight (normal: BMI < 25, overweight: BMI 25-30; 24.5 ± 3.6). Four subjects' data were excluded from baseline sleep analyses due to a PSG recording issue (n = 1) or due to being outliers in total sleep time (n = 3, total sleep time was more than two SDs below the mean). See Table 1 for BL2 PSG sleep measurements. During BL1 (the day before the sleep recording), subjects (n = 50) consumed 2801.7 ± 726.8 kcal with 14.4 ± 2.9% kcal from protein, 58.3 ± 6.6% kcal from 
Relationship Between Demographic Characteristics and Baseline Intake
Age was not significantly correlated with any baseline intake measure (carbohydrate intake: r = −0.24, p = .089, sugar intake [grams]: r = −0.26, p = .068, all other p > .12). An ANOVA with gender and race as fixed factors revealed significant race differences in baseline protein and sugar intake, significant gender differences in caloric, sugar and saturated fat intake, but no significant gender-by-race interactions (all p > .60). African Americans consumed less protein (13.5 ± 1.9% BMI was not significantly correlated with any baseline intake variables (fat: r = 0.24, p = .099, fiber: r = −0.27, p = .06, all other p > .13). When subjects were split into weight groups based on BMI, normal weight individuals consumed fewer calories from fat than overweight individuals (27.1 ± 5.1% vs. 30.8 ± 5.2%; F(1, 42) = 4.97, p = .031). Although not significant, normal weight subjects consumed more calories from carbohydrates than overweight subjects (60.1 ± 6.2% vs. 56.6 ± 6.5%; F(1, 49) = 3.76, p = .058); the two weight groups did not differ on any other baseline intake measure (all p > .11).
Greater consumption of sugar (grams: r = 0.81, p < .001) and saturated fat (grams: r = 0.76, p < .001; %kcal: r = 0.33, p = .02) associated with increased total caloric intake. Individuals who consumed more calories from protein consumed fewer total calories (r = −0.29, p = .043), fewer calories from carbohydrates (r = −0.48, p < .001) and less sugar (grams: r = −0.45, p = .001, %kcal: r = −0.45, p = 001). Individuals who consumed more calories from fat consumed fewer calories from carbohydrates (r = −0.85, p < .001) and fewer grams of fiber (r = −0.32, p = .024).
Relationship Between Body Composition and Baseline Sleep
A partial correlation analysis was conducted between BL2 sleep measures (listed in Table 1 ) and BL1 body composition and energy expenditure measures (RMR, respiratory quotient, weight, body fat percentage, and fat-free mass
[FFM]) with age, gender and race as covariates (since previous studies have observed age, gender and race differences in sleep and/or body composition [45] [46] [47] ). Higher RMR (r = 0.37, p = .047) and weight (r = 0.39, p = .035), specifically FFM (r = .55, p = .002), were significantly correlated with greater wake after sleep onset. FFM was also associated with less total sleep time (r = −0.52, p = .004) and a lower sleep efficiency (r = −0.53, p = .004). Body fat percentage was associated with less stage one sleep (r = −0.40, p = .033) and more REM sleep (r = 0.39, p = .038).
Relationship Between Baseline Intake and Baseline Sleep
A partial correlation analysis was conducted between baseline (BL1) intake measures (total caloric intake [kcal], percentage of calories consumed from protein, carbohydrates and fat, and grams of sugar, fiber and saturated fat consumed) and sleep measures that night (BL2) (listed in Table 1 ) and with age, gender and race as covariates (since previous studies have observed age, gender and race differences in sleep and/or caloric intake). 7, 45, 46 Greater protein intake was associated with less stage 2 sleep (r = −0.40, p = .007) and more REM sleep (r = 0.46, p = .002; Figure 2A ). Greater carbohydrate intake (r = −0.34, p = .027; Figure 2C ), and sugar consumption specifically (grams: r = −0.34, p = .026; %kcal: r = −0.33, p = .033; Figure 2E ), were associated with less REM sleep. Sugar intake (%kcal) was associated with more stage 2 sleep (r = 0.44, p = .003).Carbohydrate intake did not associate with SWS duration (r = 0.04, p = .79, Figure 3C) ; however, whereas greater fiber intake was associated with more SWS (r = 0.35, p = .02; Figure 3A) .
The relationship between BL2 sleep and intake during the following day (BL2, 08:00-22:00 hours) showed consistent results. Less stage 2 sleep (r = −0.34, p = .027) and more REM sleep (r = 0.52, p < .001; Figure 2B ) were associated with greater protein intake, more REM sleep was associated with less carbohydrate intake (r = −0.31, p = .046; Figure 2D ), but not less sugar intake (r = −0.21, p = .17; Figure 2F ), and more SWS was associated with greater fiber intake (r = 0.33, p = .03; Figure 3B ). In addition, more SWS was associated with greater carbohydrate intake (r = 0.32, p = .037; Figure 3D ), shorter sleep onset latency was associated with both greater fat intake (r = 0.38, p = .027) and less carbohydrate intake (r = −0.39, p = .01), and less stage 1 sleep was associated with greater daily intake (r = −0.33, p = .028).
DISCUSSION
We examined the relationship between objective measurements of energy balance and objective baseline sleep characteristics and found the following: that greater FFM associated with less sleep; higher body fat percentage and being overweight associated with more REM sleep; and protein and carbohydrate intake bi-directionally associated with differences in SWS and REM Figure 2 -Relationship between caloric intake variables and rapid eye movement (REM) sleep. Greater protein intake during the day preceding (A) and the day following (B) the baseline sleep measurement was significantly associated with more REM sleep. Greater carbohydrate intake during the day preceding (C) and the day following (D) the baseline sleep measurement was significantly associated with less REM sleep. Sugar intake during the day preceding (E), but not during the day following (F) the baseline sleep measurement was significantly associated with less REM sleep.
sleep stage duration. These results highlight the importance of diet and body composition for sleep and are relevant to basic sleep research focused on understanding the basis of individual differences in sleep physiology and to clinical sleep research focused on improving sleep quality in healthy sleepers and patients with sleep disorders. The association between sleep physiology and diet also suggests improved sleep hygiene may be beneficial for weight management.
In our study, when all subjects were allowed the same amount of TIB for sleep, subjects with a lower RMR and less FFM showed decreased wake after sleep onset, and individuals with lower FFM also showed increased total sleep time and higher sleep efficiency. Individuals with shorter sleep onset latencies consumed more calories from fat and carbohydrates the following day and those with a higher body fat percentage or were overweight exhibited increased REM sleep. Consistent with these findings, previous studies have observed that higher BMIs associate with longer sleep duration among adults 48 and that obese individuals experience greater excessive daytime sleepiness. 48 Moreover, men with increased REM sleep (and less SWS) exhibited greater positive energy balance due to overeating in a controlled laboratory study. 22 Similarly, rats who become obese due to a high-fat diet exhibited more sleep, specifically greater REM sleep. 49 These findings suggest that overweight individuals may experience more sleepiness at night and have less trouble initiating and maintaining sleep. In addition, although findings are inconsistent, some evidence suggests energy expenditure is higher during REM sleep than during other stages. 50 One possible homeostatic response to excess fat is an increase in REM sleep to increase energy expenditure during sleep. Studies comparing sleep architecture between healthy adults with similar weights but different body compositions (ie, amount of lean mass) would clarify this association. Our finding also highlights the importance of using body composition measures rather than relying only on BMI (weight divided by height), since BMI does not take into account differences in lean mass or body fat percentage.
Few studies have assessed the effect of diet on nighttime sleep. We found that increased protein intake and decreased carbohydrate intake associated with more REM sleep and that increased fiber intake associated with more SWS when intake was assessed the day before and after the baseline night sleep measurement. Although previous studies have observed differences in sleep onset latency, total sleep time or sleep efficiency when varying the carbohydrate content of meals, 26, 37, 38 to our knowledge this is the first time a link between protein Figure 3 -Relationship between caloric intake variables and slow-wave sleep (SWS). Greater fiber intake during the day preceding (A) and the day following (B) the baseline sleep measurement was significantly associated with more SWS. Greater carbohydrate intake during the day following (D), but not the day preceding (C) the baseline sleep measurement was significantly associated with more SWS. and carbohydrate intake with REM sleep stage duration has been demonstrated. In overweight and obese adults, increased protein intake improved self-reported sleep quality 51 ; future studies are needed to assess if changes in REM sleep duration underlie subjective ratings of sleep quality. The relationship between fiber and SWS was also demonstrated in a recent paper 26 measuring sleep and intake in healthy men and women who were similar in age to our sample. Dietary fiber is found in fruits, vegetables, grains, and legumes, promotes healthy digestion, and has been linked to the maintenance of a healthy diet and decreased risk for heart disease. 52, 53 Hypothesized functions of SWS include recuperation, tissue damage repair, and restoration of brain energy sources. A healthy diet may promote these processes and thus extend time spent in SWS. Future experiments, in animals and humans, are needed to establish a causal link between fiber and SWS duration and determine if increased fiber consumption specifically, or a healthy diet more generally, increases SWS duration and subsequent recuperation processes in brain and body.
Our study has the following limitations. Although caloric intake was ad libitum, subjects were only allowed to consume food and drink provided by hospital and laboratory staff; foods that contained caffeine (including chocolate) were prohibited. Therefore, subjects may have desired to eat certain foods that were unavailable to them. Our subjects were healthy, between the ages of 21-50 years, and had BMIs in the normal to overweight range. The results may therefore not generalize to other age groups (eg, adolescents or the elderly), or to obese individuals.
In conclusion, we observed several reliable relationships between measures of diet and energy balance with sleep characteristics. Higher FFM associated with less sleep, lower sleep efficiency, and greater wake after sleep onset, and having more body fat or being overweight associated with increased REM sleep duration. A diet higher in protein and lower in carbohydrate related with more REM sleep and increased fiber consumption related with more SWS. Future research is needed to further assess the impact of diet and body composition on sleep, since this may have clinical applications for patients with insomnia, insufficient sleep, poor sleep quality, or excessive sleepiness. The association between sleep physiology and diet suggests improved sleep hygiene may be beneficial for weight management.
